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The auxiliary-induced diastereoselectivities of [4+2] cyclo-
addition and the ene reaction of singlet oxygen and PTAD
through a variety of auxiliaries is studied. The different
trends in the diastereoselectivities that are observed for the
diverse auxiliaries, which include 2,2-dimethyloxazolidines,
a menthol derivative, several related cyclohexanes, and the
Oppolzer sultam, are compared and backed by mechanistic

interpretations. From this overview of two reaction modes for
two electrophiles and four different types of auxiliaries, the
advantages of the individual auxiliaries become evident
and comprehensible.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

The auxiliary-controlled diastereoselective [4+2] cyclo-
addition and ene reaction of singlet oxygen, the smallest
possible enophile, and the larger PTAD (4-phenyl-1,2,4-tri-
azoline-3,5-dione) have received much attention in the last
few years.l! 3! Although the diastereoselectivities of the ene
reaction and of the [4+2] cycloaddition with singlet oxygen
were greatly improved!!-3*! since the first efforts,[7! little
preparative use has been made of this. This may be in part
due to the drastic conditions that are needed to release the
auxiliaries through hydrolysis.[®!

With the optically active 2,2-dimethyloxazolidines A and
B as auxiliaries, diastereoselectivities of up to 95:5 (Table 1,
Entries 1 and 2) have been obtained for the [4+2] cycloaddi-
tion of the sorbic amides 2A and 2B, both with singlet oxy-
gen and PTAD.['l However, in the singlet-oxygen ene reac-
tion of the tiglic amides 1A and 1B,/ these auxiliaries failed
to control the diastereoselectivity for 'O, (Entries 1 and 2),
but were successful for the larger PTAD (dr = 95:5, Table 1,
Entries 1 and 2).

The menthol-derived auxiliary C resulted in a better dia-
stereoselectivity (up to 82:18) for the singlet-oxygen ene re-
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Table 1. Diastereoselectivities in the [4+2] cycloaddition with sor-
bic acid derivatives, and in the ene reaction with tiglic acid derivat-

ives
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action of the tiglate 1C (Entry 3). Thus, for the auxiliary
C, diastereofacial control was expected also in the [4+2]
cycloaddition of singlet oxygen with such sorbates. More-
over, the hydrolysis of an ester functionality should be
achieved under milder conditions than that of an amide.
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Since d’Angelo and Dumasl'%!!] have shown that the
cyclohexane-based auxiliaries D—F are equally efficient as
the menthol-derived auxiliary C in controlling the stereo-
selectivity, the racemic sorbates 2D—F (Scheme 1) were
chosen to test their potential for diastercofacial differenti-
ation in the [4+2] cycloaddition with singlet oxygen and
PTAD. Moreover, since auxiliary C in the tiglate 1C is more
effective in steering the ene reaction with singlet oxygen
than the amides 1A and 1B, the more readily prepared ra-
cemic esters 2G and 2H were also selected.

o} o}
XC/LK/I Y= XC)Ki/i . X¢ S
'Y\ ..... Yo
2D-1 5D (Y=Y: 102)

6D-1 (Y=Y: PTAD)

Ar Ar
« L Ton oA

Ar Ar N
D GCgHiOPh G  Phenyl N4
E  CeHPh H 2-Naphthyl S
F 2-Naphthyl

Scheme 1. [4+2] cycloaddition of 'O, and PTAD to sorbates 2D—1,
derivatized with chiral auxiliaries D—1I

The sultam I operates on the basis of electrostatic rather
than steric interactions.'>!3! To test the efficacy of this con-
cept in controlling the diastereoselectivity of the [4+2]
cycloaddition and of the ene reaction with 'O, and PTAD,
the sorbic and tiglic fragments were linked to the sultam
auxiliary.

This comparative study encompasses a comprehensive
survey of the auxiliary-induced diastereoselectivities for ene
reactions and [4+2] cycloadditions of PTAD and singlet
oxygen of alkenoates and dienes tethered to four different
classes of chiral auxiliaries, namely oxazolidines, a menthol
derivative, several related cyclohexanes, and the Oppolzer
sultam. The results provide the first comprehensive mech-
anistic overview on the advantages as well as disadvantages
that these auxiliaries exercise in the stereochemical control
of the pericyclic reactions under scrutiny.

Results

The auxiliaries D—1 were prepared according to literat-
ure procedures,!'”1 and the esters 2D—H in analogy to the
method described by Dussault™ (see Exp. Sect.). The
amides 1I and 2I have been previously reported.l'4!3]

The results of the cycloaddition of 'O, and PTAD with
the sorbic acid derivatives 2 are summarized in Table 2. The
cycloadditions for both dienophiles were conducted at 0 °C.
The photo-oxygenations required 16 h in CCl,, while cyclo-
additions with PTAD took only 10 min in dichloromethane.
For both dienophiles, the [4+2] cycloadducts were the only
detectable products after complete consumption of the
starting materials.
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Table 2. Diastereoselectivities for the [4+2] cycloaddition of '0,
and PTAD with sorbates 2D—H, functionalized with chiral auxili-

aries D—H

)K/\k

EY =Y: 102
Dl (Y=Y: PTAD
X - fa] n-Facial
Entry  Chiral auxiliary Substrate Ar dr attack
Xq ‘0" _PTADH
1 2D CsHsOPh  68:32 74:26 a-Si
[Toy™ -
2 0 2E CsHaPh  64:36 69:31 -Si
D-F 78:22
3 2F 2-Naph 69:31 82:18"  4.Si
85:1511
4 Ar 26 Ph 54:46 67:33 a-Si
O~
5 G, H 2H 2-Naph 60:40 68:32 a-Si

[a] Determined from characteristic signals of the '"H NMR spectra;
error ca. 5% of the stated value. ™ 16h in CCl,. ! 10 min in
CH,Cl,. 412 d at —45°C. €12 d at —58 °C.

The diastereoselectivities for the [4+2] cycloaddition of
esters 2D—F with singlet oxygen were all below 70:30
(Table 2, Entries 1—3); however, also for the larger PTAD,
the diastereoselectivity was only marginally higher (Entries
1—3). For example, with the naphthyl-substituted auxiliary
F, the highest dr value of 78:22 was observed within this
series of substrates, which was increased only to 82:18 at
—45 °C, and to 85:15 even at —58 °C. This enhancement in
the diastereoselectivity is just barely outside the error limit
of analysis (ca. £5% of the stated values).

Even lower diastereoselectivities were obtained in the
photo-oxygenation of esters 2G—H, the dr values were only
60:40 and below. The [4+2] cycloaddition with PTAD re-
sulted in diastereoselectivities of merely 68:32 (Table 2, Ent-
ries 4 and 5).

The optically active amide 2I afforded the highest dia-
stereoselectivities in this study. Thus, the photo-oxygenation
gave the two possible diastereomers of the endoperoxide SI
in a 75:25 ratio (Scheme 2), whereas the PTAD cycloaddi-
tion yielded the adduct 6I in as high a dr value as 94:6
(Scheme 2). In view of these encouraging results, the ene
reaction of tiglic amide 11 was examined.!'® The photo-oxy-
genation of 1I at 0 °C led to the diastereomeric hydroperox-
ides 3I in a ratio of 83:17 (Scheme 2).

The configurations of the [4+2] cycloaddition adducts
were determined by X-ray analysis of the PTAD derivatives.
Representative of esters 2D—F, the crystal structure of the
PTAD cycloadduct 6F shows that the [4+2] cycloaddition
of the racemic (1S5*,2R*)-ester 2F gave principally the (15%,-
2R*,55* 8S*) diastereomer through o-Si facel'’l attack
(Figure 1). Also for esters 2G and H, the [4+2] cycloaddi-
tion from the a-Si face was preferred, so that racemic (1R*,
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Scheme 2. Ene reaction of optically active tiglic amide 1I with 'O, and [4+2] cycloaddition of sorbic amide 2I with 'O, and PTAD

28%*)-sorbate 2H produced preferably the (1R*2S5* 5R*,
8R*)-PTAD adduct 6H (Figure 1). Reaction of the optically
active amide 2I with auxiliary I gave preferentially the (—)-
(6R,3aS,7aR,5R,8R)-PTAD cycloadduct 6I through a-Re
face attack, as shown by the crystal structure of the
minor (6R,3aS,7aR,5S,8S) diastereomer (Figure 1).

To assess the stereochemical course for the ene reaction
with singlet oxygen, hydroperoxide 31 was submitted to re-
duction and subsequent methanolysis to afford the
known!!®l (—)-(R)-hydroxy alcohol (Scheme 2).['®) This
chemical correlation establishes that hydroperoxide 3I pos-
sesses the (R) configuration at the newly generated chirality
center and, thus, the photo-oxygenation proceeds predom-
inantly from the a-Si face.

To answer the question of whether n stacking is operative
in the reactions of the sorbic esters with the chiral auxiliar-
ies D—H, low-temperature NMR experiments were con-
ducted on sorbate 2F as representative case. The results in
Table 3 show a significant upfield shift of the B-H atom in
ester 2F (Table 3, bottom Entry). Thus, at room temper-
ature, the B-H atom shows a proton resonance at § =
6.44 ppm, while at —50 °C it is shifted by 0.32 ppm to 3 =
6.12 ppm, which implicates « stacking. Similar low-temper-
ature NMR shifts were observed by Dussault® for tiglate
1C (Table 3, upper Entry), which was interpreted in terms
of greater aryl-induced shielding for the s-trans conformer,
the major isomer at low temperature.

Discussion

The observed diastereoselectivities for the [4+2] cycload-
dition of singlet oxygen and PTAD with sorbic derivatives
2D—1I (Table 2 and Scheme 2) convey a number of unexpec-
ted results that need to be interpreted mechanistically. For
the diastereoselectivities of the cyclohexane-type auxiliaries
C—F, it was found that the [4+2] cycloaddition of PTAD
and singlet oxygen with sorbic esters 2D—F (Table 2, Ent-
ries 1—3) took place from the opposite © face (0-Si) than
was observed for the singlet-oxygen ene reaction with tiglate
1C (Table 1, Entry 3), which attacked from the a-Re face.[™!
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A comparison of the cyclohexane-type auxiliaries C—F
with the oxazolidine-type auxiliaries A and B reveals an op-
posing trend for the two types of auxiliaries in the diaster-
eoselectivities of the [4+2] cycloaddition (Table 1, Entries 1
and 2; Table 2, Entries 1—3) and ene reaction (Table 1, left
column) of singlet oxygen: While for the oxazolidine-type
auxiliaries A and B (Table 1, Entries 1 and 2), the [4+2]
cycloaddition of singlet oxygen with sorbic amides 2A and
2B is much more selective than their ene reaction with tiglic
amides 1A and 1B, for the cyclohexane-type auxiliaries
C—F the opposite applies, that is, the [4+2] cycloaddition
with sorbates 2D—F (Table 2, Entries 1—3) is less selective
than the ene reaction with tiglate 1C (Table 1, Entry 3). To
rationalize these results mechanistically, an in-depth survey
of the structural differences of these chiral auxiliaries shall
now be made, with particular emphasis on the stereochem-
ically controlling features.

For the oxazolidine-type auxiliaries A and B, the diaster-
eofacial preference in the [4+2] cycloaddition arises from
conformational control and simultaneous steric shielding
(Structure 2A).1"%1 The carbonyl oxygen atom is locked be-
tween the two methyl groups on the C-2 carbon atom (syn
arrangement). Therefore, the R substituent on the oxazolid-
ine ring constrains the dienoate to the s-cis and s-trans con-
former, and blocks the a-Re approach of the incoming dien-
ophile to the s-cis conformer of the diene.

syn ,-- a-Re face

- o-Si face

2A

In the case of tiglic amides 1A and 1B, efficient diastereo-
facial control for the ene reaction is exercised only for the
sterically more demanding PTAD, not for the small singlet
oxygen (Table 1, Entries 1 and 2). As a rationale, we have
previously proposed that a coplanar conformation in the
tiglic amides 1A and 1B is not accessible due to steric inter-
actions between the carbonyl functionality and the a-
methyl group on the C=C double bond.?>?%1 Thus, the tiglic
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Figure 1. Crystal structures of the major isomer 6F, the major isomer 6H, and the minor isomer 61 with their configurations

functionality assumes either of the two twisted conformers
in Scheme 3. In the transition state 1A™ for the enophilic
attack (a-Re face), the steric interactions are less severe,
since the original B-methyl group at the incipient ste-
reogenic sp>-hybridized carbon atom points away from the
sterically imposing phenyl group of the oxazolidine-type
auxiliary. In the case of singlet oxygen, however, the steric
shielding does not suffice to repel this small and sterically
undemanding enophile from the shielded face. Thus, for the
tiglates derived from the oxazolidine-type auxiliaries A and
B, the presence of an a-methyl group precludes a planar

Eur. J. Org. Chem. 2002, 3944—3953

enone subunit, which prevents efficient diastereofacial dis-
crimination in the singlet oxygen ene reaction.

For tiglate 1C, the m-facial control in the ene reaction
with 'O, has been previously rationalized as a result of ef-
fective steric shielding by the naphthyl ring in the s-trans
conformer.’! At low temperature, the more stable s-trans
conformer is preferentially populated, as confirmed by low-
temperature 'H NMR experiments (Table 3, upper Entry)
and, consequently, a moderate increase in the dr value from
70:30 at 25 °C to 82:18 at —60 °C (Table 1, Entry 3) was
observed.P! To rationalize the observed diastereoselectivi-
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Table 3. Low-temperature '"H NMR spectroscopic data for the B-
H atom in tiglate 1C and sorbate 2F

|3'H ~

= -
2 1 A\
Me\m{I T \H _
L N}
1c 2F g-H

inaccessible due to
steric hinderance

Chemical shift (ppm)

Substrate T[°C] rt® 20 40 50 60
Tiglate 1C™ 577 541 530 - 518
Sorbate 2F! 644 625 - 6.12 -

[al Room temperature was 20 °C for the sorbate and 25 °C for the
tiglate. 1 Ref.[’) [] Measured at 200 MHz.
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unlike 3A, 4A like 3A,4A

Scheme 3. Transition structures for the ene reaction of tiglic
amide 1A

ties of this ene reaction, it was argued that singlet oxygen
attacks from the a-Re face of the s-trans conformer, which
is not shielded by the naphthyl ring of the cyclohexane-
type auxiliary C, as depicted in the structure of substrate
1C (Table 3). However, in view of more recent reports, a
twisted conformer is more likely in tiglates than a coplanar
one,>?% and the ene reaction should take place from such
a twisted s-trans conformer. Although conjugation between
the C=C double bond and the carbonyl group
should be minimal in the twisted enone conformer, the C=C
double bond is presumably still sufficiently electron-poor
due to the inductive effect of the carbonyl group to be re-
ceptive for m stacking, as experimentally manifested
(Table 3, upper Entry).

In sorbates 2D—F, there is no a-methyl substituent and,
thus, no steric impediment in populating the coplanar con-
formers. The low-temperature '"H NMR shift of the p-H
atom (Table 3, lower Entry) conveys effective m stacking be-
tween the sorbic fragment and the naphthalene ring, which
has been reported to take place preferably in the s-trans
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conformer.[>'% Nevertheless, the [4+2] cycloaddition oc-
curs on the a-Si face of the enone, which corresponds to an
attack on the s-cis conformer. Moreover, at low temper-
atures, where 7 stacking is more effective in the sorbate de-
rivative 2F (Table 3, lower Entry), no significant increase in
the dr value was observed (Table 2, Entry 3). Thus, it may
be concluded that m stacking, although present, does not
play a decisive role in the stereochemical course of the [4+2]
cycloaddition with sorbate 2F. In fact, the small energy dif-
ference between the s-cis and s-trans conformers, recently
documented for the crotic derivatives of auxiliary F,>!1 also
applies for the sorbates and diastereofacial control is inef-
fective. This conclusion is also supported by the fact that
the diastereoselectivities in the [4+2] cycloaddition for sor-
bates 2G and 2H (up to 74:26) are only marginally lower
than those for sorbates 2D—F (up to 78:22 at 0 °C). For
sorbates 2G and 2H, the widening V arrangementl! (Fig-
ure 2) does not allow 7 stacking and, expectedly, purely
steric interactions control the diastereoselectivity. This is
also corroborated by comparing the signals of the vinylic
protons in the NMR spectrum of 2H, which are shifted to
lower field with respect to 2F (see Exp. Sect.).

Ar m&[/\f
%8%1/\/\/ O%/\/\/
2G,H 2D-F

L

Figure 2. Schematic geometrical arrangement of the chiral auxiliar-
ies G, H and D—F in the sorbates 2

For the auxiliary I, the relevant conformations are not
controlled by steric interactions, but by electrostatic repul-
sion. These occur between the sulfonyl and the carbonyl
group of the amide functionality, as well as with the incom-
ing dienophile or enophile.l'>!3-201 For tiglic amide 11, the
preferred orientation of the tiglic fragment is known from
its X-ray structure,['” in which the carbonyl group points
away from the sulfonyl functionality and the s-trans con-
former prevails to avoid interactions between the sulfonyl
functionality and the a-methyl group. As in the literature
cases,? the attack takes place from the upper (0-Si) side,
which is less shielded by the sulfonyl group than the lower
(0-Re) face. By analogy, the same applies for sorbic amide
2I: The cycloaddition occurs preferably from the upper side,
since the negatively polarized oxygen atoms of the sulfonyl
functionality are located on the lower face. In contrast to
the tiglic amide 11, the s-cis conformation is preferred for
sorbic amide 2I; the upper side is now the a-Re face, from
which [4+2] cycloaddition occurs (Structures 1I and 2I).
This is in agreement with reports on the [3+2] cycloaddi-
tion of nitrile oxides!'?! and silyl nitronates!'?! for the crotic
derivative of auxiliary L.I'3 Thus, the extent of the diastere-
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ofacial differentiation for the ene and [4+2] cycloaddition
reaction modes is comparable only for auxiliary I, which
relies on electrostatic interactions, both for the control of
conformations and the direction of the attack by 'O, and
PTAD.

o-Siface o-Re face
o/ oy
X " =
""" V4
o5 L. 205y 2o
| A *-Si face
05— “o-Re face 05—
1 21

In summary, we have shown that the sense and the extent
of diastereofacial control for various chiral auxiliaries de-
pends on conformational effects and the steric as well as
electrostatic interactions of the substrate with the auxiliary.
The coplanar arrangement of the enone functionality is es-
sential for a diastereoselective attack of singlet oxygen in
the case of oxazolidine auxiliaries A and B. For the sorbates
2A and 2B, the coplanar conformer is accessible and pro-
vides high diastereoselectivities, but for tiglates 1A and 1B,
the twisted conformation of the enone functionality pre-
vents efficient diastereofacial control in the ene reaction of
singlet oxygen. For the cyclohexane-type auxiliaries C—F,
the opposite applies: Both s-trans and s-cis coplanar
arrangements of sorbates 2D —F engage in effective 7 stack-
ing and, consequently, only little diastereofacial control re-
sults. For tiglate 1C, n-facial discrimination in the ene reac-
tion of singlet oxygen is enhanced by 7 stacking, which fa-
vors the s-trans conformer. Although the sorbic amide
21 and tiglic amide 1I react through two different con-
formers, the electrostatic interactions of the sulfonyl func-
tionality with the incoming reagent provide a similar level
of diastereoselection.

Experimental Section

General: Sorbinyl chloride'*, the auxiliaries D—H,!'" 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD)??, (1S,2R)-bornane-10,2-sul-
tam¥ [from (1S)-(+)-camphorsulfonic chloride], and N-[(E,E)-
2,4-hexadienoyl]bornane-10,2-sultam!'* were prepared according
to literature procedures. The 'H and '*C NMR spectra were re-
corded with a Bruker AC200 ('H: 200 MHz, '*C: 50 MHz), a
Bruker AVANCE 400 ('H: 400 MHz, '3C: 100 MHz) or on a
Bruker DMX 600 (‘H: 600 MHz, '3C: 150 MHz) spectrophoto-
meter. The diastereomeric ratios were determined from the 'H
NMR spectra of the crude product mixtures, and the multiplicities
of the '3C signals were assigned by CH correlation. The IR spectra
were measured with a Perkin—Elmer 1600 FT-IR spectrophoto-
meter. Solvents and commercially available chemicals were purified
by standard procedures. PE = petroleum ether.

Representative Procedure for 2-[1-Methyl-1-(4-phenoxyphenyl)ethyl-
|eyclohexyl (2E,4E)-2,4-Hexadienoate (2D): To a stirred solution of
2-[1-methyl-1-(4-phenoxyphenyl)ethyl]cyclohexanol (748 mg, 2.41
mmol) in dry THF (20 mL) under argon at 0 °C and ca. 2 mg of
1,10-phenanthroline as indicator, was added a 1.0 M solution of n-
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butyllithium (ca. 1 equiv.) until a dark red color indicated the com-
plete deprotonation of the alcohol. After 15 min, sorbinyl chloride
(345 mg, 2.35 mmol) was added and stirring was continued for 2
h. Removal of the solvent (30 °C, 20 mbar) followed by silica gel
chromatography [PE/Et,O (20:1)] and subsequent recrystallisation
from hexane yielded 680 mg (70%) the ester as yellow needles, m.p.
109—110 °C. IR (KBr): v [em ] = 3255, 2924, 2854, 1699, 1645,
1620, 1329, 1245, 1189, 1142, 1000. '"H NMR (400 MHz, CDCl,):
8 [ppm] = 1.03—1.40 (m, 4 H, CH,), 1.22 (s, 3 H, CH3), 1.31 (s,
3H, CH;), 1.63—-1.76 (m, 3H, CH,), 1.85 (d, J=4.8Hz, 3 H,
CHs;), 1.91-1.98 (m, 1 H, CH,), 2.05 (dt, J = 3.0, 11.6 Hz, 1 H,
CH), 4.83 (dt, J =4.3, 104 Hz, 1 H, CH), 5.36 (d, J = 14.9 Hz,
1 H, CH), 6.03—6.14 (m, 2 H, CH), 6.87—6.96 (m, 3 H, CH and
Ar-H), 6.99-7.02 (m, 2H, Ar-H), 7.05-7.10 (m, 1 H, Ar-H),
7.20—7.25 (m, 2 H, Ar-H), 7.29—-7.35 (m, 2 H, Ar-H).'*C NMR
(100 MHz, CDCly): & [ppm] = 18.6 (q), 24.7 (1), 25.6 (q), 26.0 (1),
27.2 (1), 27.7 (q), 33.4 (1), 39.6 (s), 51.2 (d), 74.5 (d), 118.3(d), 118.6
(d), 119.6 (d), 122.9 (d), 126.7 (d), 129.6 (d), 129.8 (d), 139.0 (d),
144.4 (d), 146.6 (s), 154.3 (s), 157.5 (s), 166.4 (s). C,;H3,05 (404.6):
caled. C 80.16, H 7.97; found C 79.83, H 7.51.

2-[1-Methyl-1-(4-phenylphenyl)ethyl]cyclohexyl (2E,4E)-2,4-Hexad-
ienoate (2E): According to the method described for 2D, the ester
2E was obtained in 87% yield after silica gel chromatography [PE/
Et,O (20:1)] as a colorless powder, m.p. 82—83 °C. IR (KBr): ¥
[em™1] = 3252, 2974, 2920, 2854, 1706, 1651, 1624, 1594, 1549,
1384, 1371, 1238, 1005. 'TH NMR (400 MHz, CDCls): § [ppm] =
1.07—1.38 (m, 4 H, CH,) 1.25 (s, 3 H, CH3), 1.35 (s, 3 H, CH3),
1.66 (d, J=49Hz, 3H, CHj), 1.68—1.74 (m, 2H, CH,),
1.80—1.87 (m, 1 H, CH,), 1.91-1.96 (m, 1 H, CH,), 2.15 (m, 1 H,
CH), 4.20—4.88 (m, 1 H, CH), 5.18 (d, J =153 Hz, | H, CH),
5.83—5.94 (m, 2 H, CH), 6.71-6.78 (m, 1 H, CH), 7.28—7.36 (m,
3 H, Ar-H), 7.38—7.43 (m, 2 H, Ar-H), 7.48—=7.51 (m, 2 H, Ar-H),
7.65—=7.60 (m, 2H, Ar-H). 3C NMR (100 MHz, CDCls): §
[ppm] = 18.3 (q), 24.2 (q), 24.8 (1), 26.1 (1), 27.0 (t), 28.5 (q), 33.4
(t), 39.7 (s), 51.1 (d), 74.3 (d), 119.5 (d), 125.9 (d), 126.5 (d), 126.8
(d), 126.9 (d), 128.6 (d), 129.8 (d), 137.4 (s), 138.7 (d), 140.9 (s),
144.1 (d), 151.1 (s), 166.3 (s). C57H»,0, (388.6): calcd. C 83.46, H
8.30; found C 83.23, H 8.21.

2-[1-Methyl-1-(2-naphthyl)ethyl|cyclohexyl (2E,4E)-2,4-Hexadieno-
ate (2F): According to the method described for 2D, the ester 2F
was obtained in 90% yield after silica gel chromatography [PE/Et,O
(20:1)] as a colorless powder, m.p. 66—67 °C. IR (KBr): v [ecm '] =
3027, 2979, 2858, 1700, 1645, 1598, 1501, 1445, 1389, 1197, 1084.
'"H NMR (600 MHz, CDCl5): § [ppm] = 1.10—1.36 (m, 6 H, CH,),
1.29 (s, 3H, CHj3), 1.41 (s, 3H, CHjy), 1.70 (d, J =49 Hz, 3H,
CHj;), 1.80—1.82 (m, 1 H, CH»), 1.92—1.94 (m, 1 H, CH,), 2.24
(dt, J=11.9, 3.3Hz, 1 H, CH), 4.88 (dt, J =4.4, 10.3Hz, 1 H,
CH), 491 (d, J=154Hz 1 H, CH), 5.58-5.65 (m, 2H, CH),
6.43—6.48 (m, 1 H, CH), 7.35—7.39 (m, 2 H, Ar-H), 7.52 (dd, J =
8.7, 2.0 Hz, 1 H, Ar-H), 7.60 (br. s., 1 H, Ar-H), 7.71-7.72 (m,
1 H, Ar-H), 7.75-7.77 (m, 1 H, Ar-H), 7.56 (d, J/ =8.7Hz, 1 H,
Ar-H). 3C NMR (100 MHz, CDCls): § [ppm] = 18.4 (q), 24.3 (q),
24.7 (1), 26.1 (1), 27.1 (1), 28.2 (q), 33.4 (1), 39.9 (s), 50.7 (d), 74.3
(d), 119.2 (d), 122.8 (d), 124.7 (d), 125.0 (d), 125.6 (d), 127.2 (d),
127.3 (d), 128.0 (d), 129.4 (d), 131.4 (s), 133.6 (s), 138.2 (d), 144.1
(d), 149.3 (s), 166.3 (s). C25H300, (362.5): caled. C 82.83, H 8.34;
found C 83.05, H 8.29.

2-Phenylcyclohexyl (2E,4E)-2,4-Hexadienoate (2G): According to
the method described for 2D, the ester 2G was obtained in 85%
yield after silica-gel chromatography [PE/Et,O (20:1)] as a colorless
powder, m.p. 70—71 °C. IR (KBr): ¥ [em~!] = 3032, 2938, 2856,
1699, 1639, 1613, 1493, 1446, 1329, 1192, 1007. 'H NMR
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(400 MHz, CDCLy): & [ppm] = 1.26—1.64 (m, 4H, CH,),
1.75-1.90 (m, 3H, CH,), 1.80 (d, J=54Hz, 3H, CH,),
2.16—2.20 (m, 1 H, CH,), 2.68—2.75 (m, 1 H, CH), 5.00—5.07 (m,
1 H, CH), 5.53 (d, J = 15.4 Hz, 1 H, CH), 5.98—6.10 (m, 2 H, CH),
6.99—7.05 (m, 1 H, CH), 7.13-7.27 (m, 5 H, Ar-H). 3C NMR
(100 MHz, CDCly): 8 [ppm] = 18.5 (q), 24.8 (1), 25.9 (1), 32.4 (1),
34.0 (1), 49.7 (d), 75.7 (d), 119.2 (d), 126.3 (d), 127.4 (d), 128.2 (d),
129.8 (d), 138.7 (d), 143.2 (s), 144.4 (d), 166.6 (s). C 5H2,05 (270.4):
caled. C 79.96, H 8.20; found C 80.22, H 8.14.

2-(2-Naphthyl)cyclohexyl (2E,4E)-2,4-Hexadienoate (2H): Accord-
ing to the method described for 2D, the ester 2H was obtained in
90% yield after silica gel chromatography [PE/Et,O (20:1)] as a
white powder, m.p. 100—101 °C. IR (KBr): v [em™'] = 3052, 3016,
2940, 2920, 1702, 1642, 1616, 1508, 1442, 1241, 1120. 'H NMR
(400 MHz, CDCl;): § [ppm] = 1.37—1.78 (m, 4 H, CH,), 1.76 (d,
J=53Hz, 3H, CH;), 1.80—1.94 (m, 2 H, CH,), 1.98—2.06 (m,
1 H, CH,), 2.22—-2.28 (m, 1 H, CH,), 2.88—2.95 (m, 1 H, CH),
5.18 (ddd, J = 10.5, 10.5, 4.4 Hz, 1 H, CH), 5.50 (d, J = 15.4 Hz,
1 H, CH), 5.92-6.04 (m, 2H, CH), 6.96—-7.03 (m, 1 H, CH),
7.37—7.45 (m, 3 H, Ar-H,), 7.66 (br. s, 1 H, Ar-H), 7.75—7.80 (m,
3 H, Ar-H). 13C NMR (100 MHz, CDCls): 3 [ppm] = 18.5(q), 24.8
(), 25.9 (1), 32.4 (), 34.2 (t), 49.8 (d), 75.6 (d), 119.1 (d), 125.1 (d),
125.7 (d), 125.9 (d), 126.0 (d), 127.5 (d), 127.6 (d), 127.8 (d), 129.7
(d), 132.4 (s), 133.5 (s), 138.7 (d), 140.8 (s), 144.5 (d), 166.5 (s).
Cy,H40, (320.4): caled. C 82.46, H 7.55; found C 82.21, H 7.56.

PTAD Adducts: The diastereomeric ratios of the crude products
are given in Table 2 and Scheme 2, the yields were quantitative in
all cases.

Representative Procedure for 2-[1-Methyl-1-(2-naphthyl)ethyl]-
cyclohexyl 8-Methyl-1,3-dioxo-2-phenyl-2,3,5,8-tetrahydro-1H-
|1,2,4]triazolo[1,2-a]pyridazine-5-carboxylate (6F): To a solution of
ester 2F (460 mg, 1.27 mmol) in 5 mL of CH,Cl, at 0 °C, was added
solid PTAD (222 mg, 1.27 mmol) in small portions with a glass
spatula. After 10 min of stirring, the solvent was evaporated (20
°C, 20 mbar), a '"H NMR spectrum was recorded and the two dias-
tereomers were separated by silica gel chromatography [PE/Et,O
(6:1)] and 500 mg (73%) of the pure major isomer as well as 170 mg
(25%) of the pure minor isomer (total yield 98%) were isolated.
Recrystallization of the major isomer from Et,O afforded colorless
cubes, which were submitted to X-ray analysis (see Figure 1); m.p.
144—145 °C. IR (KBr): ¥ [em™~!] = 2934, 1779, 1719, 1503, 1419,
1210. C33H35N30, (537.7): caled. C 73.72, H 6.56, N 7.82; found
C 73.66, H 6.70, N 7.66. Major Isomer: '"H NMR (400 MHz,
CDCly): 6 [ppm] = 1.02—1.47 (m, 4 H, CH,), 1.30 (s, 3 H, CH,),
1.43 (s, 3 H, CH3), 1.53—1.77 (m, 3 H, CH,), 1.59 (d, J = 6.8 Hz,
3H, CHj3), 1.99-2.08 (m, 1 H, CH,), 2.24—2.31 (m, 1 H, CH),
4.22-4.29 (m, 1 H, CH), 4.66—4.69 (m, 1 H, CH), 4.96—5.05 (m,
2H, CH), 5.21 (ddd, J =104, 2.3, 2.3 Hz, 1 H, CH), 7.34—7.38
(m, 1 H, Ar-H), 7.42—7.49 (m, 2 H, Ar-H), 7.50—7.55 (m, 3 H, Ar-
H), 7.65 (br. s, 1 H, Ar-H), 7.77—7.84 (m, 3 H, Ar-H). '*C NMR
(100 MHz, CDCl;): 6 [ppm] = 19.5 (q), 24.4 (t), 25.6 (1), 26.6 (q),
27.0 (q), 27.2 (), 33.3 (1), 40.3 (s), 49.5 (d), 51.6 (d), 55.6 (d), 78.0
(d), 117.1 (d), 123.1 (d), 124.9 (d), 125.3 (d), 125.7 (d), 125.9 (d),
127.3 (d), 127.5 (d), 128.1 (d), 129.0 (2 X d), 129.7 (d), 131.2 (s),
131.6 (s), 133.6 (s), 148.5 (s), 152.0 (s), 152.6 (s), 166.3 (s). Minor
Isomer: '"H NMR (400 MHz, CDCl5): & [ppm] = 1.06—1.39 (m,
4 H, CH,), 1.32 (s, CH3;), 1.44 (s, 3H, CH;), 1.55 (d, J = 6.7 Hz,
3H, CH;), 1.66—1.74 (m, 2 H, CH,), 1.82—1.87 (m, 1 H, CH,),
1.90—1.94 (m, 1 H, CH,), 2.20—2.30 (m, 1 H, CH), 4.00—4.03 (m,
1 H, CH), 4.19—4.28 (m, 1 H, CH), 4.83—4.90 (m, 1 H, CH), 5.21
(ddd, J=10.1, 5.2, 2.1 Hz, 1 H, CH), 5.54 (ddd, J = 10.1, 2.1,
2.1 Hz, 1 H, CH), 7.36—7.59 (m, 8 H, Ar-H), 7.73—7.91 (m, 4 H,
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Ar-H). *C NMR (100 MHz, CDCls): § [ppm] = 19.4 (q), 24.2 (q),
24.5 (1), 25.8 (1), 26.9 (1), 28.2 (q), 33.0 (1), 39.9 (s), 50.7 (d), 51.7
(d), 55.0 (d), 77.4 (d), 117.9 (d), 123.0 (d), 124.9 (d), 125.3 (d),
125.8 (d), 125.9 (d), 127.1 (d), 127.4 (d), 128.1 (d), 129.1 (2 X d),
129.8 (d), 131.3 (s), 131.4 (s), 133.3 (s), 149.3 (s), 152.1 (s), 152.8
(s), 165.9 (s).

2-[1-Methyl-1-(4-phenoxyphenyl)ethyljcyclohexyl 8-Methyl-1,3-di-
oxo-2-phenyl-2,3,5,8-tetrahydro-1H-[1,2,4|triazolo[1,2-a]pyridazine-
5-carboxylate (6D): According to the method described for 6F, the
PTAD adduct 6D was obtained quantitatively as a white powder,
m.p. 166—168 °C. IR (KBr): v [em™!] = 2931, 1774, 1718, 1504,
1487, 1418, 1241, 1201. C35H37;N305 (579.7): caled. C 75.52, H
6.43, N 7.25; found C 72.22, H 5.95, N 6.87. Major Isomer: 'H
NMR (400 MHz, CDCls): 8 [ppm] = 0.98—1.44 (m, 4 H, CH,),
1.28 (s, 3 H, CH;), 1.35 (s, 3 H, CHj3), 1.54—1.72 (m, 3 H,CH,),
1.65 (d, J = 6.7 Hz, 3 H, CH3), 2.03—2.08 (m, 1 H, CH,), 2.13 (m,
1 H, CH), 4.35—4.41 (m, 1 H, CH), 4.82—4.84 (m, 1 H, CH), 4.95
(ddd, J=4.3, 10.1, 10.1 Hz, 1 H, CH), 5.58 (ddd, J = 2.0, 5.0,
10.2 Hz, 1 H, CH), 5.73 (ddd, J= 2.3, 2.3, 10.2Hz, 1 H, CH),
7.31-7.39 (m, 4 H, Ar-H), 7.41-7.49 (m, 4 H, Ar-H), 7.52—7.56
(m, 4 H, Ar-H), 7.59—-7.63 (m, 2 H, Ar-H). '*C NMR (100 MHz,
CDCl): 6 [ppm] = 19.4 (q), 24.4 (t), 25.6 (t), 26.2 (q), 27.2 (1), 27.8
(q), 33.2 (t), 40.1 (s), 50.0 (d), 51.7 (d), 55.7 (d), 78.1 (d), 117.6 (d),
125.7 (d), 126.1 (d), 126.7 (d), 126.8 (d), 127.1 (d), 128.1 (d), 128.8
(d), 129.1 (d), 130.2 (d), 131.2 (s), 138.1 (s), 140.7 (s), 149.8 (s),
152.1 (s), 152.6 (s), 166.3 (s). Minor Isomer: 'H NMR (400 MHz,
CDCl): 6 [ppm] = 1.09—1.40 (m, 6 H, CH,), 1.26 (s, 3 H, CH3),
1.35 (s, 3 H, CH3), 1.58 (d, J/ = 6.6 Hz, 3 H, CHs3), 1.68—1.77 (m,
2 H, CH,), 1.88—1.96 (m, 2 H, CH,), 2.13—-2.19 (m, 1 H, CH),
4.22—4.32 (m, 2 H, CH), 4.78—4.85 (m, 1 H, CH), 5.41—5.46 (m,
1 H, CH), 5.59-5.63 (m, 1 H, CH), 7.31-7.51 (m, 9 H, Ar-H),
7.54—7.63 (m, 6 H, Ar-H). 3C NMR (100 MHz, CDCls): &
[ppm] = 19.6 (q), 23.2 (q), 24.5 (1), 25.8 (1), 26.7 (1), 29.1 (q), 33.0
(t), 39.4 (s), 50.9 (d), 51.9 (d), 55.0 (d), 77.1 (d), 118.2 (d), 125.8
(d), 125.9 (d), 126.7 (d), 126.9 (d), 127.0 (d), 128.1 (d), 128.7 (d),
129.1 (d), 129.9 (d), 131.3 (s), 137.8 (s), 140.9 (s), 151.2 (s), 152.0
(s), 153.0 (s), 165.8 (s).

2-[1-Methyl-1-(4-phenylphenyl)ethyl]cyclohexyl 8-Methyl-1,3-dioxo-
2-phenyl-2,3,5,8-tetrahydro-1H-[1,2,4]triazolo[1,2-a]pyridazine-5-
carboxylate (6E): According to the method described for 6F, the
PTAD adduct 6E was obtained quantitatively as a white powder,
m.p. 190—191 °C. IR (KBr): v [em~'] = 2973, 2932, 2855, 1773,
1715, 1503, 1489, 1418, 1219, 1143, 1121. C;3H,50 (563.7) HRMS
(EI), [M]": calcd: 563.2784, found 563.2785. Major Isomer: 'H
NMR (400 MHz, CDCly): 6 [ppm] = 0.96—1.44 (m, 4 H, CH,),
1.28 (s, 3 H, CH3), 1.36 (s, 3 H, CH3), 1.56—1.70 (m, 3 H, CH,),
1.65 (d, J=6.0Hz, 3H, CHj), 2.02-2.09 (m, 1H, CH,),
2.10—2.17 (m, 1 H, CH), 4.35—4.41 (m, 1 H, CH), 4.82—8.84 (m,
1 H, CH), 4.96 (td, J/ = 4.4, 10.2 Hz, 1 H, CH), 5.58 (ddd, J = 10.2,
5.0, 2.0 Hz, 1 H, H3), 5.73 (ddd, J = 10.2, 2.2, 2.2 Hz, 1 H, CH),
7.32—7.40 (m, 4 H, Ar-H), 7.42—7.48 (m, 4 H, Ar-H), 7.53—-7.56
(m, 4 H, Ar-H), 7.59—-7.62 (m, 2 H, Ar-H). '*C NMR (100 MHz,
CDCl,): & [ppm] = 19.43 (q), 24.4 (d), 25.6 (d), 26.2 (q), 27.2 (d),
27.8(q), 33.2 (d), 40.1 (s), 50.0 (d), 51.7 (d), 55.7 (d), 78.1 (d), 117.6
(d), 125.7 (d), 126.1 (d), 126.7 (d), 126.8 (d), 127.1 (d), 128.1 (d),
128.8 (d), 129.1 (d), 130.2 (d), 131.2 (s), 138.1 (s), 140.7 (s), 149.8
(s), 152.1 (s), 152.6 (s), 166.3 (s). Minor Isomer: 'H NMR
(400 MHz, CDCl3): & [ppm] = 1.09—1.36 (m, 4 H, CH,), 1.26 (s,
3H, CHj), 1.35 (s, 3H, CH3), 1.58 (d, /= 6.6 Hz, 3 H, CHj),
1.67—1.78 (m, 2 H, CH,), 1.88—1.96 (m, 2 H, CH,), 2.12—2.19 (m,
1 H, CH), 4.22—4.31 (m, 2 H, CH), 4.77—4.86 (m, 1 H, CH), 5.43
(ddd, J=10.1, 5.2, 2.0 Hz, 1 H, CH), 5.58—5.64 (m, 1 H, CH),
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7.30—7.49 (m, 10 H, Ar-H), 7.53—7.62 (m, 4 H, Ar-H). 3C NMR
(100 MHz, CDCly): & [ppm] = 19.6 (q), 23.3 (q), 24.6 (1), 25.9 (1),
26.7 (1), 29.1 (q), 33.0 (1), 39.9 (s), 51.0 (d), 51.9 (d), 55.1 (d), 77.2
(d), 118.2 (d), 125.9 (d), 126.0 (d), 126.8 (d), 126.9 (d), 127.0 (d),
128.1 (d), 128.7 (d), 129.1 (d), 129.9 (d), 131.3 (s), 137.9 (s), 141.0
(s), 151.2 (s), 152.1 (s), 153.0 (s), 165.9 (s).

2-Phenylcyclohexyl 8-Methyl-1,3-dioxo-2-phenyl-2,3,5,8-tetrahydro-
1H-|1,2 4]triazolo[1,2-a]pyridazine-5-carboxylate (6G): According
to the method described for 6F, the PTAD adduct 6G was obtained
quantitatively as a white powder, m.p. 148—149 °C. The two dia-
stereomers could not be separated by silica gel chromatography [PE/
Et,O (5:1)]. IR (KBr): v [em™'] = 2933, 2876, 1778, 1740, 1716,
1503, 1418, 1213, 1156, 1123, 1009. C,sH,,N30, (445.5): caled. C
70.10, H 6.11, N 9.43, found C 69.57, H 5.72, N 9.74. Major Iso-
mer: '"H NMR (400 MHz, CDCl;): § [ppm] = 1.28—1.67 (m, 4 H,
CH,), 147 (d, 6.7Hz, 3H, CHj), 1.78-2.02 (m, 4 H, CH,),
2.20—-2.26 (m, 1 H, CH), 2.70 (ddd, J = 3.6, 3.6, 11.1 Hz, 1 H,
CH), 4.24—4.32 (m, 1 H, CH), 4.82—4.86 (m, 1 H, CH), 5.05—5.13
(m, 1H, CH), 530 (ddd, J=12.0, 5.0, 10.1Hz, 1 H, CH),
7.13—7.23 (m, 3 H, Ar-H), 7.25-7.31 (m, 2 H, Ar-H), 7.35—7.41
(m, 1 H, Ar-H), 7.45—7.55 (m, 4 H, Ar-H). '3C NMR (100 MHz,
CDCls): 8 [ppm] = 19.5 (q), 24.7 (1), 25.6 (1), 32.3 (t), 34.0 (1), 50.2
(d), 51.4 (d), 78.6 (d), 117.4 (d), 125.7 (d), 126.5 (d), 127.5 (d),
128.0 (d), 128.4 (d), 128.5 (d), 129.0 (d), 129.5, 131.2 (s), 142.7 (s),
152.0 (s), 152.4 (s), 166.1 (s). Minor Isomer: '"H NMR (600 MHz,
CDCl,): 8 [ppm] = 1.40 (d, J = 6.7 Hz, 3 H, CH3), 5.63 (ddd, J =
2.3,2.3,10.2Hz, 1 H, CH), 5.77 (ddd, J = 2.2, 2.2, 10.2 Hz, 1 H,
CH), the remaining signals overlap with those of the major isomer.
13C NMR (100 MHz, CDCls): § [ppm] = 19.2 (q), 24.5 (1), 25.6
(t), 32.0 (1), 34.4 (), 49.6 (d), 51.6 (d), 55.1 (d), 77.3 (d), 118.1 (d),
125.4 (d), 126.5 (d), 127.2 (d), 128.0 (d), 128.5 (d), 129.1 (d), 129.9
(d), 131.3 (s), 142.4 (s), 151.7 (8), 152.5 (8), 166.3 (8).

2-(2-Naphthyl)cyclohexyl 8-Methyl-1,3-dioxo-2-phenyl-2,3,5,8-tetra-
hydro-1H-[1,2,4|triazolo|1,2-a|pyridazine-5-carboxylate (6H): Ac-
cording to the method described for 6F, the PTAD adduct 6H was
obtained quantitatively as a white powder. The diastereomers could
not be separated by silica gel chromatography [PE/Et,O (6:1)],
however, recrystallization from Et,O/PE afforded a few crystals of
the major isomer as colorless cubes, m.p. 159—164 °C, which were
submitted to X-ray analysis (see Figure 1). IR (KBr): ¥ [cm™'] =
2934, 3361, 1778, 1718, 1502, 1419, 1205, 1122, 1012. C3oH»N;304
(495.6): caled. C 72.71, H 5.90, N 8.48, found C 72.47, H 6.03, N
8.46. Major Isomer: '"H NMR (400 MHz, CDCl): § [ppm] = 1.02
(d, J=6.70 Hz, 3 H, CH3), 1.35-1.49 (m, 1 H, CH,), 1.51—1.61
(m, 2 H, CH,), 1.63—1.74 (m, 1 H, CH,), 1.80—1.87 (m, 1 H, CH,),
1.90—1.95 (m, 1 H, CH,), 2.01- 2.17 (m, 1 H, CH,), 2.19-2.24 (m,
1 H, CH,), 2.82—-2.89 (m, 1 H, CH), 4.08—4.04 (m, 1 H, CH), 4.70
(dt, J=10.2, 2.3Hz, 1H, CH), 4.74—4.77 (m, 1 H, CH), 5.11
(ddd, J=10.2, 5.23, 2.2 Hz, 1 H, CH), 5.15-5.23 (m, 1 H, CH),
7.31-7.48 (m, 2 H, Ar-H), 7.40—7.48 (m, 6 H, Ar-H), 7.59 (br.s,
1 H, Ar-H), 7.75-7.79 (m, 3 H, Ar-H). '3C NMR (100 MHz,
CDCl): 6 [ppm] = 18.9 (q), 24.8 (1), 25.7 (1), 32.3 (1), 33.7 (1), 50.6
(d), 51.1 (d), 54.7(d), 78.5 (d), 117.1 (d), 125.4 (d), 125.6 (d), 125.7
(d), 126.0 (d), 126.6 (d), 127.5 (d), 127.6 (d), 128.0 (d), 128.2 (d),
128.96 (d), 129.00 (d), 131.3 (s), 132.6 (s), 133.5 (s), 140.0 (s), 151.9
(s), 152.2 (s), 166.0 (s). Minor Isomer: 'H NMR (400 MHz,
CDCl,): 6 [ppm] = 1.11 (d, J = 6.72 Hz, CH3), 4.15—4.20 (m, 1 H,
CH), 5.42 (ddd, J = 2.3, 2.3, 10.3 Hz, 1 H, CH), 5.62 (ddd, J =2.2,
4.9, 10.2 Hz, 1 H, CH), the remaining signals overlap with those of
the major isomer. '3C NMR (150 MHz, CDCl5): § [ppm] = 18.7
(q), 24.6 (1), 25.7 (1), 32.0 (t), 34.5 (1), 49.8 (d), 51.4 (d), 55.1 (d),
78.1 (d), 117.9 (d), 125.3 (d), 125.8 (d), 125.9 (d), 126.6 (d), 127.4
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(d), 127.7 (d), 128.0 (d), 128.2 (d), 128.9 (d), 129.1 (d), 129.8 (d),
131.3 (s), 132.5 (s), 133.5 (s), 139.9 (s), 151.7 (s), 152.4 (s), 166.4 (s).

(1S,2R)-Bornane-10,2-sultam Derivative 6I: According to the
method described for 6F, the PTAD adduct 61 was obtained quant-
itatively as a white amorphous solid. The isolated major isomer
could not be crystallized; however, the minor isomer crystallized
from acetone as pale yellow cubes, m.p. 214—215 °C, and was sub-
mitted to X-ray analysis (see Figure 1). IR (KBr): v [em™!] = 2949,
1771, 1706, 1598, 1412, 1333, 1315, 1289, 1219, 1134. C,4,H,5N,40O5S
(484.6): calcd. C 59.49, H 5.82, N 11.56, 6.62; found C 59.07, H
5.41, N 11.08, S 6.60. Major Isomer: '"H NMR (400 MHz, CDCls):
S [ppm] = 0.96 (s, 3 H, CH;), 1.22 (s, 3 H, CHj3), 1.30—1.45 (m,
2 H, CH,), 1.60 (d, J = 6.8 Hz, 3 H, CH3), 1.85—1.97 (m, 3 H, CH,
CH,), 2.01 (dd, J =179, 14.0 Hz, 1 H, CH,), 2.27—-2.34 (m, 1 H,
CH,), 3.47 (d, J/ = 13.6 Hz, 1 H, CH,), 3.56 (d, /= 13.6 Hz, 1 H,
CH,), 3.91 (dd, J = 5.0, 7.8 Hz, 1 H, CH), 4.49—4.53 (m, 1H, CH),
5.60—5.62 (m, 1 H, CH), 6.02 (ddd, J =22, 3.6, 104 Hz, 1 H,
CH), 6.18 (ddd, J = 1.8, 3.6, 10.4 Hz, 1 H, CH), 7.32—7.36 (m, 1H,
Ar-H), 7.42—7.46 (m, 2 H, Ar-H), 7.49—7.53 (m, 2 H, Ar-H). 13C
NMR (100 MHz, CDCls): 6 [ppm] = 18.6 (q), 19.9 (q), 20.5 (q),
26.5 (1), 32.6 (1), 37.7 (1), 44.3 (d), 48.0 (s), 49.4 (s), 50.1 (d), 52.9
(t), 56.2 (d), 65.6 (d), 117.5 (d), 125.6 (d), 128.0 (d), 129.1 (d), 130.1
(d), 131.1 (s), 151.1(s), 151.8 (s), 165.8 (s). [a]) = —13.0 (¢ = 1.0,
CHCl;). Minor Isomer: 'H NMR (400 MHz, CDCls): 8 [ppm] =
0.95 (s, 3 H, CH3), 1.23 (s, 3H, CH;), 1.31-1.42 (m 2 H, CH,),
1.66 (d, J=06.7Hz, 3H, CH;), 1.82-1.94 (m, 3H, CH,),
1.96—2.09 (m, 2 H, CH,), 3.42—3.63 (m, 2 H, CH,), 3.94—3.97 (m,
1 H, CH), 4.40—4.47 (m, 1 H, CH), 5.60—6.63 (m, 1 H, CH), 5.89
(dt, J=10.3, 2.4 Hz, 1 H, CH), 6.17 (ddd, J = 2.0, 4.8, 10.3 Hz,
CH), 7.30—7.45 (m, 1H, Ar-H), 7.39-7.44 (m, 2H, Ar-H),
7.53=7.55 (m, 2H, Ar-H). 3C NMR (100 MHz, CDCls): §
[ppm] = 19.3 (q), 19.7 (q), 20.7 (q), 26.3 (t), 32.5 (1), 37.7 (1), 44.5
(d), 47.8 (s), 48.9 (s), 51.2 (d), 52.7 (1), 56.5 (d), 65.1 (d), 117.6 (d),
125.5 (d), 127.8 (d), 128.8 (d), 131.22 (s), 131.24 (d), 151.7 (s), 152.0
(s), 165.8 (s).

Endoperoxides

General Procedure for the Photo-Oxygenation of Sorbates 2: A solu-
tion of the particular ester 2 (30—60 mg) and ca. 2 mg of tetrakis-
(perfluorophenyl)porphine in 5 mL of CCly was irradiated with two
external Osram Violax NAV-T 400-W sodium lamps at —5 °C,
while a stream of dry oxygen gas was allowed to pass continuously
through the reaction mixture. After 16 h, the solvent was evapor-
ated (20 °C, 20 mbar) and the composition of the crude reaction
mixture was determined by 'H and '>*C NMR spectroscopy (for the
product ratios of the endoperoxides 5, cf. Table 2 and Scheme 2).
The labile endoperoxides 5 could not be isolated and were charac-
terized only by their '"H and '*C NMR resonances directly in the
crude reaction mixtures.

2-[1-Methyl-1-(4-phenoxyphenyl)ethyl]cyclohexyl ~ 6-Methyl-3,6-di-
hydro-1,2-dioxine-3-carboxylate (5D): Major Isomer: 'H NMR
(600 MHz, CDCly): 6 [ppm] = 0.97—1.42 (m, 4 H, CH,), 1.14 (d,
J=46Hz, 3H, CHj;), 1.25 (s, 3H, CHj3), 1.33 (s, 3H, CH,;),
1.57—1.86 (m, 3 H, CH»), 1.92—1.96 (m, 1 H, CH,), 2.04—2.12 (m,
1 H, CH), 4.39 (ddd, J = 4.1, 2.0, 2.0 Hz, 1 H, CH), 4.75—4.83 (m,
1 H, CH), 4.93 (ddd, J = 10.5, 10.5, 4.6 Hz, 1 H, CH), 5.59 (ddd,
J =102, 44, 22Hz, 1 H, CH), 594 (ddd, J =10.2, 1.8, 1.3 Hz,
1 H, CH), 6.91-6.93 (m, 2 H, Ar-H), 6.96—7.02 (m, 2 H, Ar-H),
7.06—7.10 (m, 1 H, Ar-H), 7.23—7.26 (m, 2 H, Ar-H), 7.29-7.33
(m, 2 H, Ar-H). '3C NMR (150 MHz, CDCls): § [ppm] = 17.1,
24.6, 25.7, 26.2, 26.8, 27.2, 33.2, 40.0, 50.5, 74.1, 75.9, 76.4, 121.6,
126.1, 126.6, 126.9, 127.0, 128.7, 130.7, 138.0, 140.9, 150.0, 167.9.
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Minor Isomer: '"H NMR (600 MHz, CDCls): & [ppm] = 1.13 (d,
J=49Hz 3H, CHy), 1.21 (s, 3 H, CHy), 1.32 (s, 3 H, CH3), 4.15
(ddd, J =4.5,2.3,2.3Hz, 1 H, CH), 4.84—4.89 (m, 1 H, CH), 5.87
(ddd, J=10.2, 2.3, 1.5Hz, 1 H, CH), 5.98 (ddd, J =10.2, 4.2,
2.1 Hz, 1 H, CH), the remaining signals overlap with those of the
major isomer. 3C NMR (150 MHz, CDCls): § [ppm] = 17.3, 24.8,
25.9,26.1,26.7,27.2, 33.2, 39.5, 50.8, 73.8, 75.6, 76.1, 121.5, 125.8,
126.6, 126.9, 127.0, 128.7, 130.3, 138.0, 140.9, 151.2, 167.4.

2-[1-Methyl-1-(4-phenylphenyl)ethyl]cyclohexyl 6-Methyl-3,6-dihy-
dro-1,2-dioxine-3-carboxylate (SE): Major Isomer: 'H NMR
(600 MHz, CDCl;): 6 [ppm] = 1.03—1.45 (m, 4 H, CH,), 1.13 (d,
J=6.8Hz, 3H, CHs), 1.30 (s, 3H, CH3;), 1.38 (s, 3 H, CHy),
1.61—1.78 (m, 3 H, CH,), 1.91-1.99 (m, 1 H, CH,), 2.14—2.21 (m,
1 H, CH), 4.27-4.30 (m, 1 H, CH), 4.74—4.79 (m, 1 H, CH), 4.98
(ddd, J=4.7, 10.5, 10.5Hz, 1 H, CH), 5.88 (ddd, J = 1.3, 1.6,
10.2 Hz, 1 H, CH), 5.92 (ddd, J = 2.0, 4.2, 10.2 Hz, 1 H, CH),
7.31-7.35 (m, 1 H, Ar-H), 7.37—7.45 (m, 4 H, Ar-H), 7.51-7.60
(m, 4 H, Ar-H). '3C NMR (150 MHz, CDCl;): & [ppm] = 17.0,
24.6, 25.7, 26.6, 26.8, 29.5, 33.2, 40.0, 50.5, 74.1, 75.9, 76.4, 121.6,
126.1, 126.6, 126.9, 127.0, 128.7, 130.7, 138.0, 140.9, 150.0, 167.9.
Minor Isomer: '"H NMR (600 MHz, CDCls): § [ppm] = 1.09 (d,
J=6.8Hz, 3H, CHy), 1.25 (s, 3H, CH3), 1.37 (s, 3 H, CHy),
3.97-3.99 (m, 1 H, CH), 4.68—4.73 (m, 1 H, CH), 4.88—4.92 (m,
1 H, CH), 539 (ddd, J =2.2, 4.5, 10.2 Hz, 1 H, CH), 5.74 (ddd,
J=1.6,2.2,10.2 Hz, 1 H, CH), the remaining signals overlap with
those of the major isomer. 3C NMR (150 MHz, CDCls): &
[ppm] = 17.0, 23.0, 25.9, 26.7, 27.2, 29.5, 33.2, 39.5, 50.8, 73.8,
75.6, 76.1, 121.5, 125.8, 126.6, 126.9, 127.0, 128.7, 130.3, 138.0,
140.9, 151.2, 167.4.

2-[1-Methyl-1-(2-naphthyl)ethyl]cyclohexyl  6-Methyl-3,6-dihydro-
1,2-dioxine-3-carboxylate (SF): Major Isomer: 'H NMR (600 MHz,
CDCl,): 6 [ppm] = 1.08 (d, /= 7.0 Hz, 3 H, CHs), 1.34 (s, 3H,
CH;), 1.44 (s, 3 H, CH;), 1.05—1.44 (m, 4 H, CH,), 1.58—1.74 (m,
CH,), 1.90—1.97 (m, 1 H, CH,), 2.21-2.27 (m, 1 H, CH), 3.96
(ddd, J =4.3,2.1,2.1 Hz, 1 H, CH), 4.66—4.70 (m, 1 H, CH), 5.00
(ddd, J =104, 10.4, 4.6 Hz, 1 H, CH), 5.54 (ddd, J =10.2, 4.4,
2.1 Hz, 1 H, CH), 5.62—5.65 (m, 1 H, CH), 7.39—7.45 (m, 2 H, Ar-
H), 7.51-7.55 (m, 1H, Ar-H), 7.63 (d, J=1.7Hz, Ar-H),
7.75-7.80 (m, 3H, Ar-H). 3C NMR (150 MHz, CDCls): §
[ppm] = 17.5, 25.1, 26.2, 26.8, 27.3, 27.6, 33.7 40.7, 50.5, 74.4, 76.2,
76.7, 121.7, 123.2, 125.6, 125.7, 126.3, 127.8, 127.9, 128.3, 130.9,
131.9, 133.8, 149.0, 168.2. Minor Isomer: 'H NMR (600 MHz,
CDCl;): & [ppm] = 1.04 (d, J=7.0Hz, 3H, CH;), 1.30 (s, 3H,
CH;), 1.83—1.87 (m, 1 H, CH,), 3.63 (ddd, J = 4.4, 2.1, 2.1 Hz,
1 H, CH), 4.60—4.64 (m, 1 H, CH), 4.94 (ddd, J=10.5, 10.5,
4.6 Hz, 1 H, CH), 5.16 (ddd, J = 10.2, 4.5, 2.2 Hz, 1 H, CH), 7.64
(d, J=18Hz, 1 H, Ar-H), the remaining signals overlap with
those of the major isomer. 3C NMR (150 MHz, CDCls): &
[ppm] = 17.5, 25.1, 26.3, 26.8, 27.3, 27.6, 33.7, 40.4, 50.9, 74.2,
76.2, 76.4, 121.8, 123.0, 125.4, 125.8, 126.5, 127.6, 127.7, 128.2,
130.5, 131.8, 133.7, 149.8, 167.9.

2-Phenylcyclohexyl 6-Methyl-3,6-dihydro-1,2-dioxine-3-carboxylate
(5G): Major Isomer: 'H NMR (600 MHz, CDCls): § [ppm] = 1.01
(d, J=7.0Hz, 3H, CH;), 1.24—1.60 (m, 5 H, CH,), 1.69—1.91
(m, 3 H, CH,), 2.06—2.12 (m, 1 H, CH,), 2.68—2.75 (m, 1 H, CH),
4.59 (ddd, J =4.4,2.2,2.2Hz, 1 H, CH), 4.65-4.72 (m, 1 H, CH),
5.05-5.11 (m, 1 H, CH), 5.56 (ddd, J=10.3, 4.1, 2.1 Hz, 1 H,
CH), 5.65 (ddd, J=10.2, 2.2, 1.6 Hz, 1 H, CH), 7.13—7.20 (m,
3H, Ar-H), 7.21-7.25 (m, 2 H, Ar-H). 3C NMR (150 MHz,
CDCly): 6 [ppm] = 17.1, 24.6, 25.7, 33.1, 33.8, 49.9, 73.8, 76.0,
77.2,121.2, 126.3, 127.5, 128.2, 130.2, 142.7, 167.7. Minor Isomer:
'H NMR (600 MHz, CDCls): & [ppm] = 1.06 (d, J = 6.8 Hz, 3 H,

3952

CHs), 4.51 (ddd, J=4.3, 2.2, 22 Hz, 1 H, CH), 5.85 (ddd, J =
10.1, 2.1, 1.4 Hz, 1 H, CH), 5.91 (ddd, J = 10.1, 4.1, 2.0 Hz, 1 H,
CH), the remaining signals overlap with those of the major isomer.
13C NMR (150 MHz, CDCls): § [ppm] = 17.0, 24.6, 25.7, 32.1,
33.8, 499, 73.8, 76.0, 77.2, 121.5, 1264, 127.4, 128.2, 130.7,
142.6, 167.5.

2-(2-Naphthyl)cylcohexyl 6-Methyl-3,6-dihydro-1,2-dioxine-3-carb-
oxylate (5H): Major Isomer: 'H NMR (600 MHz, CDCls): §
[ppm] = 0.65 (d, J = 6.9 Hz, 3 H, CH};), 0.94—1.98, 2.18—2.24 (m,
8 H, CH,), 2.86—2.95 (m, 1 H, CH,), 4.52—4.54 (m, 1 H, CH),
4.58—4.63 (m, 1 H, CH), 5.18—5.24 (m, 1 H, CH), 5.25 (ddd, J =
10.2, 2.1, 1.4 Hz, 1 H, CH), 5.46 (ddd, J = 10.2, 4.1, 1.9 Hz, 1 H,
CH), 7.34—7.55 (m, 2 H, Ar-H), 7.60 (d, J = 1.0 Hz, 1 H, Ar-H),
7.73-7.98 (m, 4H, Ar-H). 3C NMR (150 MHz, CDCls): §
[ppm] = 16.5, 24.7, 25.7, 32.2, 33.6, 50.1, 73.4, 75.8, 77.1, 121.0,
125.2, 125.5, 126.4, 127.4, 127.5, 127.9, 129.9, 130.6, 132.4, 133.4,
140.1, 167.4. Minor Isomer: 'H NMR (600 MHz, CDCly): &
[ppm] = 0.82 (d, J = 6.9 Hz, 1 H, CH3), 4.47 (ddd, J = 4.4, 2.3,
2.3Hz 1 H, CH), 5.74 (ddd, /= 10.2, 2.2, 1.6 Hz, 1 H, CH), 5.85
(ddd, /= 10.1,4.2,2.1 Hz, 1 H, CH), 7.63 (d, / = 1.0 Hz, 1 H, Ar-
H), the remaining signals overlap with those of the major isomer.
13C NMR (150 MHz, CDCls): § [ppm] = 16.7, 24.7, 25.7, 32.2,
34.0, 49.7, 73.6, 76.0, 77.1, 121.4, 125.2, 125.7, 126.4, 127.4, 127.6,
127.8, 129.9, 130.6, 132.4, 133.4, 140.2, 167.6.

(1S,2R)-Bornane-10,2-sultam Derivative 5I: Major Isomer: 'H
NMR (600 MHz, CDCl3): & [ppm] = 0.98 (s, 3 H, CHj3), 1.18 (d,
J=6.9 Hz, CH;), 1.23 (s, 3 H, CH;), 1.32—1.49 (m, 3 H, CH and
CH,), 1.86—1.95 (m, 2 H, CH,), 2.20—2.14 (m, 2 H, CH,), 3.41(d,
J=137Hz, 1H, CH,), 3.53 (d, J=13.7Hz, 1H, CH,),
3.94-3.98 (m, 1 H, CH), 4.84—4.89 (m, 1 H, CH), 5.25—5.28 (m,
1 H, CH), 6.03 (ddd, J =14, 1.4, 10.2 Hz, 1 H, CH), 6.08 (ddd,
J =19, 4.1, 10.2, Hz, 1 H, CH). '3C NMR (50 MHz, CDCls): §
[ppm] = 16.7, 19.5, 20.9, 26.0, 32.8, 38.1, 44.8, 47.5, 48.5, 52.9,
65.6, 74.4, 77.3, 121.4, 131.7, 169.3. Minor Isomer: 'H NMR
(600 MHz, CDCl;): 8 [ppm] = 0.96 (s, 3H, CH3), 1.21 (d, J =
6.8 Hz, 3 H, CH3), 1.12 (s, 3 H, CHj3), 3.44-3.49 (m, 1 H, CH,),
4.76—4.81 (m, 1 H, CH), 5.39-5.41 (m, 1 H, CH), 6.20 (ddd, J =
2.0, 4.0, 10.2 Hz, 1 H, CH), the remaining signals overlap with
those of the major isomer. '3C NMR (50 MHz, CDCl5): § [ppm] =
16.8, 19.5, 20.3, 26.1, 32.3, 37.6, 44.2, 47.7, 48.7, 52.6, 65.0, 73.4,
76.4, 121.2, 132.8, 167.6.

X-ray Data: Crystal data for 6F, 6H, and 6l were collected from
shock-cooled crystals with a Bruker SMART-APEX diffractometer
with D8 goniometer (graphite-monochromated Mo-K, radiation,
A =0.71073 A), equipped with a low-temperature device in ®-scan
mode at 193(2) K.**l The data was integrated with SAINT?*! and
an empirical absorption correction was applied.l*®! The structures
were solved by direct methods (SHELXS-97)1?71 and refined by full-
matrix least-squares methods against > (SHELXL-97).1281 All non-
hydrogen atoms were refined with anisotropic displacement para-
meters. All hydrogen atoms bonded to sp3-carbon atoms were as-
signed ideal positions and refined using a riding model with Uy,
constrained to 1.5 times the Uy value of the parent atom and all
hydrogen atoms bonded to sp>-carbon atoms were assigned ideal
positions and refined using a riding model with Ui, constrained to
1.2 times the U, value of the parent atom. Crystallographic data
for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-185192 (6F), -185191 (6H), and -185193
(6I). Copies of the data can be obtained free of charge on applica-
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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